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A cDNA clone that encodes a novel Ca 2+ -binding pro- 
tein was isolated from a human brain cDNA library. The 
gene for this clone, termed calbrain, encodes a 70-amino 
acid polypeptide with a predicted molecular mass of 8.06 
kDa. The analysis of deduced amino acid sequence re- 
vealed that calbrain contains two putative EF-hand mo- 
tifs that show significantly high homology to those of 
the calmodulin (CaM) family rather than two EF-hand 
protein families. By Northern hybridization analysis, an 
approximate 1.5-kilobase pair transcript of calbrain was 
detected exclusively in the brain, and in situ hybridiza- 
tion study revealed its abundant expression in the hip- 
pocampus, habenular area in the epithalamus, and in 
the cerebellum. A recombinant calbrain protein showed 
a Ca 2+ binding capacity, suggesting the functional po- 
tency as a regulator of Ca 2+ -mediated cellular pro- 
cesses. Ca 2+ /calmodulin-dependent kinase II, the most 
abundant protein kinase in the hippocampus and 
strongly implicated in the basic neuronal functions, was 
used to evaluate the physiological roles of calbrain. 
Studies in vitro revealed that calbrain competitively in- 
hibited CaM binding to C a 2 "^/calmodulin- dependent ki- 
nase II (K t = 129 nM) and reduced its kinase activity and 
autophosphorylation. 



Calcium ion (Ca 2+ ) is a universally employed cytosolic mes- 
senger in eukaryotic cells. It is involved in many cellular pro- 
cesses such as signal transduction, contraction, secretion, and 
cell proliferation (1, 2). In the central nervous system, Ca 2+ 
plays a major role in the activities and functions of neuronal 
cells (3-5). One of the most widely recognized roles of Ca 2+ in 
synaptic function is its action in neurotransmission. Studies on 
the effects of Ca 2+ on neurotransmitter release, synaptic pro- 
tein phosphorylation, synaptic vesicles, and synaptic mem- 
brane interactions have provided experimental evidence that 
Ca 2 * regulates several biochemical and morphological events 
in synaptic preparations (6, 7). 

In many cases, the effects of Ca 2+ are mediated by the 
Ca 2+ -binding proteins (8). One superfamily of these proteins is 
the EF-hand protein family. The EF-hand proteins are charac- 
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terized by single or multiple pairs of a common helix-loop-helix 
motif that coordinates Ca 2+ (9, 10). For instance, CaM, 1 tropo- 
nin C, and myosin light chain have four EF-hand motifs/mole- 
cule, whereas S100 proteins have only two motifs per molecule. 
In addition to the role as a C a 2 + -buffering system, the binding 
of Ca 2+ causes a conformational change of EF-hand proteins 
and enables them to interact with their target proteins. Most of 
the EF-hand proteins except CaM show specific tissue distri- 
bution, suggesting their particular functions in each tissue. 
CaM has broad distribution within the cell and throughout 
different tissues and is a multifunctional regulatory protein 
that, in a Ca 2+ -dependent manner, activates a number of en- 
zymes that are involved in a variety of physiological processes 
(11). Among these enzymes, CaM-kinase II is one of the most 
abundant Ca 2+ -activated protein kinases in the brain, and it 
plays important roles in a variety of neural functions including 
receptor function, neurotransmitter release, and synaptic 
plasticity (12). 

CaM-kinase II is activated by binding to the Ca 2+ -bound 
form of CaM, which dramatically increases the affinity of the 
enzyme for Mg 2+ /ATP, thus leading to substrate phosphoryla- 
tion and autophosphorylation (13-15). This self-regulation sys- 
tem coupled to Ca^/CaM-dependent autophosphorylation may 
be involved in important physiological roles responding to tran- 
sient elevation of intracellular Ca 2+ (16). During autophospho- 
rylation (of Thr 286 ), trapping of CaM in CaM-kinase II occurs, 
resulting in prolongation of the activation period of CaM-ki- 
nase II. This process is understood as a good model of memory 
formation (15, 17). 

In the present study, we cloned and characterized a novel 
two EF-hand Ca 2+ -binding protein, termed calbrain, that is 
brain-specific and highly expressed in the hippocampus. To 
characterize the physiological function of this protein in the 
hippocampus, the effects of calbrain on CaM-kinase II were 
examined. The results revealed that calbrain competitively 
inhibited the activity of CaM-kinase II, suggesting that cal- 
brain may be involved in neuronal signal transduction and 
memory. 

EXPERIMENTAL PROCEDURES 

Polymerase Chain Reaction and Human cDNA Library Screening — 
Degenerate primers were originally designed from transmembrane re- 
gions of several mammalian G-protein-coupled receptors. Polymerase 
chain reaction was performed with these primers using 100 ng of 
human brain cDNA library (CLONTECH) as a template. The cycling 
condition was 1 min at 95 °C, 1 min at 55 °C, and 0.5 min at 72 °C for 
37 cycles. The polymerase chain reaction products were end-repaired 



1 The abbreviations used are: CaM, calmodulin; CaM-kinase, Ca 2+ / 
calmodulin-dependent protein kinase; PAGE, polyacryl amide gel elec- 
trophoresis; MOPS, 4-morpholinepropanesulfonic acid. 
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Fig. 1. Nucleotide sequence and de- 
duced amino acid sequence of human 
calbrain. The sequence was derived from 
human brain cDNA clones. Two EF-hand 
domains are indicated by lines; the in- 
frame methionine and stop codon are 
shown in bold face type. 
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GGC GCTGCAGGTTAGAGCC TGGCAATGCCG TTTGG GTGTG TGACTC TGGGC GACAAGAAG 



AAC TATAACCAGCCATCGG AGGTGACTGACAGATATGATT GGTGTAAAGGA ACTGC GAGA 

MIGVKELRD 

EF-1 

TGC TTTCCGAGAGT TTGAC ACCAATGGTGATGGGG AAATAAGCACC AGTGA GCTGC GAGA 
APREFDTNGDGB I STSELRE 



GGC TATGAGGAAGCTCCTG GGTCATCAGGT GGGAC ACCGAGACAT AGAGGAAATTATCCG 
AMRKLLGHQVGHRDIEEIIR 

EF-2 

AGA TGTGG ACCTCA ATGGG GATGG ACGAGT GGACT TTGAAGAGTTTGTCCG GATGATGTC 
DVDLNGDGRVDFEEFVRMMS 

CCGCTGAGGCCGCG AGGGC CCCTC CAGGAC TGCCA AGCTC CCAAAG GCGGG GCTAAGAGG 
R * 

AGC T AGAG cttgcc TCACC CGCTGTATCCGCCGAG AGCCC AGGATGTACTG GCGGATGGG 
GCC TGCCTGCACCC CGGGG AGGCG CCCACCCGGGA CCCCACCCCTCCGCAC TGTGAAAGA 
CTAACTCC TGCAAC TGGAAAGCGGGGGCGCCCGCC GACGAGGAGGC CACCG TGCCAAGCC 
GGC AGAGG TCATGC CAGGC GCCAAGGGCAATGTGC CCAGCTGCTGCTGGCT GGGTGGGCC 
AGG GAGCC CGCCAG CAGAC CCCAC ACAGCATGTCC GCCCC AGGGCAAAGCT TCCCACTTT 
CGTT 66 4 
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Fig. 2. Alignment of the amino acid sequences of EF-hand domains. The first and second EF-hand domains of calbrain (CALBRl and 
CALBR2) and S100/3 (S100B1 and S100B2) and the first, second, third, and fourth domain of CaM and troponin C (CALM1 to CALM4, TROPOl 
to TROP04, respectively) were aligned. The conserved amino acid residues are shown in shaded boxes. The lines with arrows indicate the helix and 
loop region of EF-hand. The numbers on the right indicate the percentages of similarity between either CALBRl or CALBR2 and EF-domains in 
each protein. 



with T4 DNA polymerase and ligated into pCR-Script SK(+) vector 
(Stratagene). Samples were transformed, and colonies were picked for 
subsequent sequencing. The sequence data was obtained using ABI 373 
sequencer (Perkin-Elmer) with dye-terminators by the method of 
Sanger et al (18). The data was searched against SWISSPROT 
(Ver.30.0) data base by BLAST algorithm (18). The fragment that 
showed a similarity to Ca 2+ -binding proteins was chosen for further 
analysis. 

About one million recombinants of human brain Agtll cDNA library 
(CLONTECH) were grown and transferred onto nylon membranes. The 
polymerase chain reaction fragment was labeled with [a- 32 P]dCTP and 
used as a probe for the screening. Hybridization-positive plaques were 
picked and grown to purify the DNA. Inserts from those positive clones 
were subcloned into i£coRI cloning site of pBluescript KS (+) vector 
(Stratagene). The sequence was determined, and data was searched as 
above. 

Northern Hybridization Analysis — The full-length coding region of 
calbrain was labeled with [a- 32 P]dCTP and used as a probe for Northern 
hybridization analysis. A human multiple tissue Northern blot filter 
(CLONTECH) containing 2 tig of poly(A)+RNA in each lane was pre- 
hybridized in a solution containing 5X saline/sodium phosphate/EDTA, 
10 X Denhardt's, 100 /xg/ml salmon sperm DNA, 50% formamide, and 
2% SDS for 3 h at 42 °C. The blot was then hybridized in the same 
solution with the labeled probe at 42 °C for 20 h. The blot was washed 
several times with a mixture of 2x SSC (lx SSC = 0.15 m NaCl and 
0.015 M sodium citrate) and 0.05% SDS for 30 min at room temperature 
and then once with a mixture of 0.1 X SSC and 0.1% SDS for 40 min at 
50 °C The filter was exposed to Fuji BASIII imaging plates (Fuji 
Biomedical, Japan), and the image was analyzed by the BAS 1000 
phosphor-imaging system (Fuji Biomedical, Japan). 

In Situ Hybridization Study — Adult Sprague-Dawley rats (all male, 



8-9 weeks old) were anesthetized, and brains were perfused with 
phosphate-buffered saline. Brains were then quickly removed and fro- 
zen at-80 °C. Cryostat sections (10 /im-thickness) were mounted onto 
slides. The sections were fixed in 4% paraformaldehyde in phosphate- 
buffered saline, incubated with 0.01% proteinase K in Tris-HCl for 30 
min, and then acetylated for 15 min with 0.2 m triethanol amine con- 
taining 0.2% acetic acid. After sequential dehydration through a graded 
alcohol series, each section was hybridized either with a digoxigenin- 
labeled antisense RNA probe or with a labeled sense probe as a control. 
The RNA probe was made from a rat homologue of calbrain gene that is 
99.0% identical in nucleotide level to the human one. After hybridiza- 
tion at 50 °C overnight, the slides were incubated with RNase A (10 
/ig/ml) and washed with 2X SSC and then with 0.2x SSC. Slides were 
incubated with alkaline phosphatase-conjugated anti-digoxigenin anti- 
body (Boehringer Mannheim) for 30 min, washed, and developed by 
incubating at 4 °C overnight with 5-bromo-4-chloro-3-indolyl phosphate 
(BCIPVnitro blue tetrazolium. 

Expression and Purification of Recombinant Protein — Recombinant 
calbrain protein was expressed using the QIA expressionist system 
(QIAGEN). The gene construct encoding calbrain was subcloned into 
pQE expression plasmid vector and transformed into Escherichia coli 
host strain M15. Transformed M15 cells were cultured in 500 ml of LB 
medium containing 100 /ig/ml ampicillin and 25 fig/ml kanamycin until 
the Agoo of 0.7 at 37 *C. After adding isopropyl-l-thio-)3-D-galactropy- 
anoside to a final concentration of 1 mM, the cells were incubated for 
another 5 h. As a negative control, a plasmid vector with no insert was 
transformed and expressed in the same way. The cells were harvested 
and lysed with 10 ml of lysis buffer containing 1 mg/ml lysozyme before 
sonication. After removal of cellular debris, the supernatant was col- 
lected, and histidine-tagged calbrain protein was purified on nickel 
nitrilotri acetic acid resin in a batch procedure. The protein-resin com- 
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pi ex was set into a column and washed with washing buffer containing 
50 mM sodium phosphate, 300 mM NaCl, 10% glycerol, pH 5.7. After 
washing, the protein was eluted with 0.1-0.5 M imidazole gradient in 
washing buffer. 

Tricine-SDS-PAGE and Electrophoretic Transfer— Tricine-SDS-poly- 
acryl amide gel electrophoresis (Tricine-SDS-PAGE) was carried out as 
described previously (19). Protein samples, CaM protein as a control, 
and molecular weight markers were denatured and applied to 10% 
Tricine-SDS-PAGE. Separated protein bands were either stained with 
Coomassie Brilliant Blue or transferred to a nitrocellulose membrane 
by the method of Kyhse-Andersen (20). 

Detection of Calcium Binding by 45 Ca 2+ — The calcium binding study 
using 45 Ca 2+ was performed according to the method of Maruyama et al 
(21). Briefly, after the protein transfer, the membrane was soaked in a 
solution containing 60 mM KC1, 5 mM MgCl 2 , and 10 mM imidazole-HCl 
(pH 6.8). The membrane was then incubated in the same buffer con- 
taining 1 mCi/liter 45 CaCl 2 for 10 min. Nonspecifically bound 46 Ca 2+ 
was removed by washing with 50% ethanol for 5 min, and dried mem- 
brane was exposed to imaging plates. The images were analyzed by Fuji 
phosphor-imaging system as above, under the Northern hybridization 
analysis. 

Ca 2+ binding affinity of recombinant calbrain was determined by 
equilibrium dialysis. Calbrain was first dialyzed overnight against 1000 
volumes of a solution containing 150 mM KC1, 10 mM MOPS, pH 7.1, 3 
mM MgCl a , 1 mM dithiothreitol, and 0.1 mM EGTA to remove bound 
Ca 2+ from the protein. The dialyzed protein was then used for equilib- 
rium dialysis as follows. A 0.5 -ml portion of protein at the concentration 
of 1 mg/ml was dialyzed with shaking for 48 h at 4 °C against 100 ml of 
the same solution as described above for Ca 2 f binding affinity but 
containing various amounts of CaCl 2 and 46 Ca 2 f (5 /iCi) to achieve the 
desired free-Ca 2+ concentration. The solutions outside and inside the 
dialysis tubing were removed, the absorbance at 278 nm was deter- 
mined, and the protein concentration calculated (Al^ 8 = 0,958). Sam- 
ples of these solutions were subjected to liquid scintillation spectrome- 
try. The association constants for metal and H + binding to EGTA were 
based on values measured by Fabiato (23). 

Kinase Activity and Autophosphorylation Assay — The activity of 
CaM-kinase II was assayed by measuring the C a 2 + -dependent phos- 
phorylation ( 32 P incorporation) of syntide-2 substrate as described pre- 
viously by Ochiishi et al. (24). The standard reaction mixture contained 
50 aim[t- 32 P]ATP, 8 mM Mg(CH 3 C00) 2 , 20 /nM syntide-2, 0.25 mM CaCl 2 , 



0.1 mM EGTA, 50 mM HEPES buffer, pH 8.0, and 0.3 Mg/ml CaM-kinase 
II (purified from bovine brain, kindly provided by Dr. Yamauchi (25)). A 
range of CaM or recombinant calbrain (0-200 nM) was employed in the 
assay mixture at the total volume of 20 u\. The reaction was carried out 
at 30 °C for 1 min and stopped by spotting onto P81 filter paper. The 
filter papers were washed several times with 75 mM phosphoric acid, 
and radioactivity was measured by a liquid scintillation counter. An 
inhibition assay of Ca 2+ -dependent activity of CaM-kinase II was per- 
formed in the standard mixture as described above in the presence of 

S I J2 I I 5 S g 
aa £ S 2 2 S 3 £ 
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Fig. 3. Northern blot analysis of the tissue expression pattern 
of calbrain. A Northern blot filter containing 2 /xg of human poly(A) f 
RNA (CLONTECH) was hybridized with 32 P-labeled calbrain probe and 
washed following die protocol of Church-Gilbert. Numbers on the left 
refer to the size of RNA standard run in parallel. 32 P-Labeled j3-actin 
was hybridized on the same Northern blot filter as a quantitative 
control. A single transcript was visualized in the brain sample lane 
(approximately 1.5 kilobases). No signal was detected in other tissues 
examined, kb, kilobases. 




Fig. 4. Localization of calbrain mRNA in rat brain. In situ hybridization was performed. A rat homologue of calbrain probe (99.0% identical 
to human one) was labeled and hybridized to a coronal section (A) or a sagittal section (fl) of adult rat brain. The hippocampal area (C) and the 
cerebellar cortex (D) are shown in higher magnification. The strong signals were detected in the CA1 to CA3 of the hippocampal gyrus and granular 
layer of the dentate gyrus (DG) in the hippocampus (C). In the area of cerebellum, the Purkinje cell layer was stained intensively (JO), 
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various concentrations of CaM. Autophosphorylation of CaM -kinase II 
was assayed in the standard mixture at the total volume of 60 jd. The 
reactions were carried out at 0 °C for 10 min as described previously 
(26), then samples were boiled for 3 min and were subjected to SDS- 
PAGE. After electrophoresis, the gel was stained with Coomassie Bril- 
liant Blue, and the band of CaM -kinase II protein was excised from the 
gel. Radioactivity of the gel was determined by a liquid scintillation 
counter. 

Inhibition of CaM Binding to CaM-kinase II by Calbrain — The effect 
of calbrain on CaM binding to CaM-kinase II was examined as de- 
scribed previously (27) with some modifications. The reaction mixture 
for the binding studies was the same as that used in the kinase activity 
assay without ATP. Various concentrations (0-200 jiM) of 126 I-CaM and 
calbrain were incubated in the reaction mixture at the total volume of 
200 ^1 at 4 °C for 1 h, and they were reacted with 3 fig of polyclonal 
anti-CaM-kinase II antibody (Transduction Laboratories) at 4 °C for 
16 h. The amount of antibody was proved to be adequate for binding to 
entire CaM-kinase II in the reaction mixture. Then, 10 /il of protein 
G-Sepharose (Amersham Pharmacia Biotech) was added to each reac- 
tion mixture and incubated at 4 °C for 1 h on a rotating wheel. After 3 
washes with the reaction mixture without CaM-kinase II, these sam- 
ples were centrifuged (5000 rpm, 5 min), and the radioactivity of each 
pellet was measured by a gamma counter. Double-reciprocal plots and 
determination of K t values were performed as described by Segel (28). 

RESULTS 

Calbrain Has Two EF-hand Motifs — The isolated clone was 
found to have a 210-nucleotide open reading frame that en- 
codes a 70-amino acid polypeptide with a predicted molecular 
mass of 8.06 kDa (Fig. 1). We named the clone as calbrain. A 
motif search suggested the presence of two EF-hands, a motif 
known to be involved in calcium binding (29). By a data base 
search, calbrain showed significant high homology to CaM and 
troponin C proteins. The four EF-hand domains of CaM, tropo- 
nin C, and two EF-hand domains of S100/3 protein and calbrain 
were aligned, and the amino acid sequences were compared as 
shown in Fig. 2. The first domain of calbrain is highly (50.0% 
each) homologous to the first and the third domain of CaM. The 
second domain of calbrain is homologous to the second and the 
fourth domains of CaM (48.1 and 51.9%, respectively) and 
those of troponin C (51.9% each). The first and the second 
domains of calbrain showed only 29.6% homology. Although 
calbrain has only two EF-hand motifs, the similarity between 
calbrain and two EF-hand protein (S 100)3) is very low (Fig. 2). 

Brain-specific Expression of Calbrain mRNA — From the re- 
sults of Northern hybridization analysis under high stringency 
conditions, an approximate 1.5-kilobase single calbrain tran- 
script was detected exclusively in the brain (Fig. 3). No band 
was detected in other tissues examined including heart, pla- 
centa, lung, liver, muscle, kidney, and pancreas. 

Localization of Calbrain mRNA in the Brain — Results of in 
situ hybridization study for localization of calbrain mRNA in 
rat brain was conducted on rat brain sections showed strong 
signals in the pyramidal layers CA1 to CA3 of the hippocampal 
gyrus and the granular layer of the dentate gyrus in the hip- 
pocampus (Fig. 4). The habenular nucleus in the epithalamus 
was also stained strongly. In the cerebellum, the Purkinje cells 
were strongly stained. There were also weak and scattering 
signals in the cerebral cortex and other areas of the brain. No 
staining was observed when a sense probe was used as a 
control. 

Ca 2+ Binding Property of Calbrain — The purified calbrain 
and CaM as a control were run on a 10% Tricine-SDS-PAGE gel 
with molecular mass markers (Fig. 5A). The molecular mass 
based on the amino acid sequence of mammalian CaM is 16.7 
kDa, which is approximately double the size of calbrain. On 
Tricine-SDS-PAGE gel, calbrain protein was observed at ap- 
proximately 8 kDa, and CaM is observed as the same size of its 
molecular mass. The control fraction (sample using the nonre- 
combinant vector) on the same Tricine-SDS-PAGE gel did not 
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Fig. 5. Purification of recombinant calbrain protein and its 
calcium binding property. Panel A, the recombinant calbrain pro- 
tein from plasmid expression system was purified by a nickel nitrilo- 
triacetic acid resin column. 4 jig of pure CaM (lane 2), 3 /tg of recom- 
binant calbrain protein (lane 2\ and control sample (proteins obtained 
from E. coli with nonrecombinant plasmid and purified by the same 
procedure) (lane 3) were run on a 10% Tricine SDS-PAGE gel. They 
were electrophoresed and stained with Coomassie Brilliant Blue. The 
duplicate of the electrophoresed gel was transferred to a nitrocellulose 
membrane and incubated with 45 Ca 2+ and washed, then the membrane 
was exposed and analyzed by Fuji imaging system. The negative control 
sample (proteins obtained from E. coli with nonrecombinant plasmid) 
showed no signal. M, molecular mass markers. Panel £, the data was 
carried out by equilibrium dialysis. Conditions: 10 mM MOPS, pH 7.1, 
150 mM KC1, 1.0 mM dithiothreitol, 0.1 mM EGTA, and 3 mM MgCl 2 . 
Inset, Scatchard plot of data. V, mol of Ca 2+ bound/mol of calbrain; C, 
free [Ca 2+ 1. 

show any protein bands. The 45 Ca 2+ binding study of calbrain 
are shown in Fig. 5A. Both CaM and calbrain showed strong 
radioactive bands at the expected positions, indicating the 
binding of 45 Ca 2+ to these proteins. Fig. 5B shows a saturation 
curve for the Ca 2+ binding to calbrain. Scatchard analysis (30) 
of the data (Fig. 5B, inset and legend) reveals that, in the 



3614 
A 



A Novel Two EF-hand Calcium-binding Protein 

B 




Fig. 6. Comparison of in vitro activation of CaM-kinase II by calbrain and CaM. Panel A, the activity of purified bovine CaM-kinase II 
in the presence of various concentrations of calbrain or CaM was assessed using syntide-2 as a substrate for phosphorylation. The kinase activity 
in the presence of 100 nM CaM was measured and designated as 100%. The relative ratio (%) of activities in the presence of various concentrations 
of calbrain (open circles) and CaM (filled circles) were then calculated. Data are represented as the means of triplicate determinations (±S.E.). 
Panel B, activation assays were performed in the presence of indicated concentrations of calbrain and varying concentrations of CaM. II v 
represents 1/activity of CaM-kinase II (%). Note that calbrain competitively inhibits CaM-kinase II activation by CaM. The results are the mean 
(±S.E.) for two successive experiments performed in duplicate. 



presence of 3.0 raM MgCl 2 and 150 mM KC1, calbrain binds 2.0 
mol of Ca 2+ /mol of protein with an apparent K d of 0.194 /xm. 

The Inhibitory Effect of Calbrain on CaM-kinase II Activity, 
Autophosphorylation, and CaM Binding — The effect of calbrain 
on CaM-kinase II activity is shown in Fig. 6, A and B. The 
activity of CaM-kinase II incubated in the solution containing 
0-200 /llm calbrain without CaM (Fig. 6A, open circles) revealed 
that calbrain was not able to activate CaM-kinase II. On the 
other hand, Fig. 6B showed that calbrain competitively inhib- 
ited activation of CaM-kinase II by CaM with a K t value of 
143.5 ± 16.4 nM (mean ±S.E.). The effect of calbrain on the 
autophosphorylation of CaM-kinase II was examined, and the 
results were shown in Fig. 7. Calbrain also competitively in- 
hibited CaM-dependent autophosphorylation of CaM-kinase II 
with a K t value of 189.7 ± 12.4 nM (mean ±S.E.), whereas 
calbrain itself did not induce autophosphorylation of CaM- 
kinase II (data not shown). The binding study of CaM and 
calbrain to CaM-kinase II revealed that calbrain competitively 
inhibited CaM binding to CaM-kinase II, and the K t value of 
this inhibition was 128.6 ± 19.7 nM (mean ±S.E.) (Fig. 8). 

DISCUSSION 

In the present study, we have shown that two EF-hand 
motifs of calbrain, a novel Ca 2+ -binding protein, have a signif- 
icant homology to those of CaM and other related four EF-hand 
Ca 2+ -binding proteins. The first EF-hand motif of calbrain is 
very similar to the first and the third motifs, and the second 
EF-hand motif of calbrain very similar to the second and the 
fourth motifs of CaM and troponin C. Although calbrain is a 
two EF-hand protein, the homology between calbrain and two 
EF-hand proteins such as S 100)3 was found to be very low. 
From the high sequence homology between EF-hand motifs, it 
has been proposed that CaM, troponin C, and myosin light 
chain gene evolved from a common four-domain molecule (29, 
31, 32). In each of these proteins, the first and the third and the 
second and fourth EF-hand domains show high homology, sup- 
porting the hypothesis that these proteins evolved from a two- 
domain precursor by gene duplication (33, 34). The significant 



homology between the EF-hand motifs of calbrain and CaM 
family suggests that although calbrain is a two EF-hand pro- 
tein, evolutionally it is related closely to the CaM family rather 
than two EF-hand protein families. As calbrain is the first two 
EF-hand protein whose domains appear to be very similar to 
those of four EF-hand proteins, our findings may be interesting 
from the aspect of the evolution of EF-hand proteins. 

The biological functions of EF-hand proteins are strongly 
related to the conformational changes of EF-hand domains in 
response to Ca 2+ binding. EF-hand domains that show large 
conformational changes by binding Ca 2+ are known to have a 
trigger function in the activation of target proteins. The do- 
mains that have regulatory roles are termed regulatory do- 
mains (35, 36), and proteins that have such domain(s) are 
called Ca 2+ sensor proteins. For example, CaM and troponin C, 
which are classified in this category, enable the cell to detect a 
stimulatory influx of Ca 2+ and thereby transduce this signal 
into a variety of cellular processes (37). On the other hand, 
EF-hand domains that exhibit small conformational changes 
are termed structural or buffer domains (36, 38). These do- 
mains are responsible for the structural stability, local Ca 2+ 
transport, and function in buffering intracellular Ca 2+ . Pro- 
teins possessing these domains, such as calbindin and paral- 
bumin, are called Ca 2+ buffer proteins (39, 40). From the amino 
acid sequence in the present study, it is difficult to predict 
whether calbrain has regulatory or structural domains, and 
therefore is a Ca 2+ sensor or Ca 2+ buffer protein. It has been 
suggested that the interhelical angle changes of EF-hand pro- 
teins upon Ca 2+ binding become a good index for their classi- 
fication. Another useful method is to check whether or not the 
protein can bind to a hydrophobic column in a Ca 2+ -dependent 
manner (36). Ca 2+ sensor proteins that cause large conforma- 
tional changes bind to the column by Ca 2+ -induced exposure of 
the hydrophobic surface in the protein formed by a pair of 
EF-hands. After that, these proteins can be eluted by removing 
Ca 2+ with EGTA. This method was successfully applied for the 
purification of CaM (41). We have purified the recombinant 
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Fig. 7. Inhibition of CaM-kinase II 
autophosphorylation by calbrain. 

The autophosphorylation of purified bo- 
vine CaM-kinase II in the presence of in- 
dicated concentrations of calbrain and 
varying concentrations of CaM was as- 
sessed by measuring [-y- 32 P]ATP radioac- 
tivity of CaM-kinase II extracted from 
electrophoresed gels. Autophosphoryla- 
tion assays were performed as described 
under "Experimental Procedures." II v 
represents 1/autophosphorylation of 
CaM-kinase II (%). Note that calbrain 
competitively inhibits CaM-dependent 
CaM-kinase II autophosphorylation. The 
results are the mean (±S.E.) for two suc- 
cessive experiments performed in 
duplicate. 
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Fig. 8. Competitive inhibition of CaM binding to CaM-kinase II by calbrain. The binding of CaM to CaM-kinase II in the presence of 
indicated concentrations of calbrain was studied. 125 I-CaM and calbrain were mixed with CaM-kinase II and Ca 2+ under nonautophosphorylated 
conditions (in ATP-free reaction mixture). CaM-kinase II was immunoprecipitated by anti -CaM-kinase II antibody after the reaction, and the 
radioactivity of each sample was measured. The radioactivity of the bound 126 I-CaM in the presence of 500 nM CaM and 0 nM calbrain was 
measured and designated as 100%. The relative ratio (%) of radioactivities of the samples were then calculated. II v represents 1/CaM binding rate 
to CaM-kinase II (%). The results are the mean (±S.E.) for two successive experiments performed in duplicate. 



calbrain protein by this method, also (data not shown), and the 
results indicate that calbrain possesses a regulatory domain 
that shows a large conformational change with Ca 2+ binding 
and, therefore, can be classified as a Ca 2+ sensor protein. 

The distribution study of calbrain mRNA revealed that cal- 
brain is a brain-specific Ca 2+ -binding protein that is expressed 
abundantly in the hippocampus, in the habenular nucleus of 
the epithalamus and in the Purkinje cell layer of the cerebel- 
lum. The specific tissue distribution of EF-hand proteins has 
suggested their particular functions in each tissue (42-44). The 
localization of calbrain mRNA in the hippocampus and cerebel- 
lum, together with its functional potency as a Ca 2+ sensor 
protein being involved in the Ca 2+ signal transduction suggest 
an important role for this protein in the central nervous sys- 
tem. A number of studies on hippocampus have shown that this 
part of the brain is particularly involved in acquisition and 
storage of spatial information (45-47). 

CaM-kinase II is a multifunctional serine/threonine protein 
kinase capable of phosphorylating several endogenous proteins 
in the brain (48, 49) and is highly expressed in the mammalian 



central nervous system (50-52). This enzyme is a major com- 
ponent of postsynaptic density (24, 53, 54) and plays important 
roles in the regulation of the neurotransmitter synthesis, re- 
ceptor function, axonal transport, gene expression, and espe- 
cially in the long- term potentiation, which is an established 
model of neural plasticity (14, 55, 56). Many biochemical stud- 
ies have indicated that phosphorylation induced by CaM-ki- 
nase II can act as a molecular switch, conferring properties 
that are advantageous for long-lasting storage of changes ini- 
tiated by brief Ca 2+ signals (57-59). The binding study of CaM 
and calbrain to CaM-kinase II indicated that under nonauto- 
phosphorylated conditions, calbrain inhibited CaM binding to 
CaM-kinase II competitively (Fig. 8). Although calbrain could 
not activate CaM-kinase II, Fig. 6B showed that calbrain com- 
petitively inhibited the activation of CaM-kinase II by CaM. 
Because K t values of binding and activity inhibition were sim- 
ilar, it was supposed that inhibition of CaM binding by calbrain 
may caused the reduction of kinase activity. CaM-kinase II 
activity is regulated by Ca 2+ /CaM and autophosphorylation 
(60). When CaM binds to the CaM binding domain, a confor- 
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mational change is induced in the regulatory region, and the 
interaction of inhibitory domain with the active site is dis- 
rupted. It allows the active site to become accessible to exoge- 
nous substrate. When Ca 2+ /CaM is bound, CaM-kinase II is 
rapidly autophosphorylated on Thr 286 , and autophosphoryla- 
tion increases CaM binding affinity to the kinase dramatically 
by decreasing of CaM-releasing time (61). Under both experi- 
mental conditions used for the kinase activity assay (incuba- 
tion at 30 °C for 1 min) and autophosphorylation assay (at 0 °C 
for 10 min), autophosphorylation on Thr 286 of CaM-bound ki- 
nase occurs (24-26). Therefore, the activity detected in Fig. 6B 
may be influenced by a change of CaM affinity caused by 
autophosphorylation. K t values of kinase activity (143.5 ± 16.4 
nM) and autophosphorylation (189.7 ± 12.4 nM) did not signif- 
icantly differ from that of CaM binding (128.6 ± 19.7 nM) under 
nonautophosphorylated condition. 

This is the first report of a novel Ca 2+ -binding protein that 
can inhibit CaM-dependent CaM-kinase II activity. Although 
calbrain can reduce autophosphorylation, it is supposed that 
this protein is involved in the physiological regulation of CaM- 
kinase II. As CaM-kinase II has multiple functions and essen- 
tial roles in the brain, calbrain may also play important roles in 
the central nerve system. 
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In this paper we report the biochemical characteriza- 
tion of calgranulin C, a new member of the SI00 protein 
family. The protein is highly abundant in the cytosol of 
pig granulocytes, with relatively small amounts in lym- 
phocytes. A simple protocol for the rapid purification of 
calgranulin C is described. The purified protein mi- 
grates as a single entity on SDS-polyacrylamide gel elec- 
trophoresis while it has two isoforms focusing at pH 5.8 
and 5.5. Gel filtration and cross-linking experiments in- 
dicate that calgranulin C is capable of dimerization. The 
complete amino acid sequence was determined by Ed- 
man degradation of peptides generated by trypsin and 
V8 protease digestion. Calgranulin C consists of 91 resi- 
dues and has a calculated molecular mass of 10,614 dal- 
tons. This value is virtually identical to that obtained by 
electrospray mass spectrometry. Sequence analysis pre- 
dicts two EF-hand calcium-binding motifs, the first hav- 
ing an extended loop that is distinctive of the S100 pro- 
tein family. The metal-binding properties were studied 
by means of a direct "Ca 8 *-bmding assay and by tyrosine 
fluorescence titration. Calgranulin C binds not only cal- 
cium but also zinc ions. A single high affinity Zn 2 *-bind- 
ing site per monomer was evidenced by fluorimetric ti- 
tration. Zinc binding to calgranulin C induces a 
remarkable increase in the protein affinity for calcium; 
in the absence of zinc, the protein binds 1 Ca 2 7monomer 
with a binding constant of about 2 x 10 4 m"\ whereas the 
Zn'Moaded form binds 2 Ca^/monomer with K u values of 
approximately 3 x 10 7 and 6 x 10* m~ 1 . Circular dichroism 
analysis showed that the binding of calcium to calgranu- 
lin C induces a 15% decrease in the apparent o-helix 
content. This result and the calcium-dependent binding 
of the protein to a phenyl-Superose column strongly sug- 
gest that calgranulin C undergoes a gross conforma- 
tional change upon calcium binding, thus supporting 
the idea that this protein may be involved in Ca a *- 
dependent signal transduction events. 



Intracellular Ca 2+ is a ubiquitous second messenger involved 
in the regulation of many cellular functions (1). The signal is 
partly transduced into metabolic or mechanical responses by 
calcium-binding proteins (CaBPs) 1 that interact with cellular 
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effectors in a Ca 2+ -dependent fashion (2). These proteins in- 
clude Ca a 7phospholipid-binding proteins of the annexin family 
(3) and EF-hand CaBPs such as calmodulin, troponin C, and a 
number of S100 proteins (4, 5). The function of calmodulin in 
Ca 2+ signal transduction has been studied extensively, and 
many target enzymes have been identified (reviewed in Ref. 6). 
Calcium binding to calmodulin induces a conformational 
change, thus exposing hydrophobic sites that are involved in 
the interaction with target proteins (7, 8). The fact that other 
EF-hand CaBPs also expose hydrophobic regions upon calcium 
binding (5, 9-12) suggests that this model may represent a 
general mechanism for the function of these proteins as Ca 2+ 
signal mediators. 

In granulocytes and monocytes, intracellular Ca 2 * regulates 
various acute response activities such as the respiratory burst, 
phagocytosis, degranulation, and chemotaxis (13-16). Regional 
increases in Ca 2+ are thought to occur at sites within the cell 
where these activities take place (16). Recent efforts to identify 
calcium signal mediators in granulocytes have led to the dis- 
covery of new CaBPs, namely a 33-kDa annexin (17) and a 
28-kDa EF-hand protein named grancalcin (18). Additionally, 
these cells express calmodulin (19) and a heterocomplex formed 
by two S100 proteins, calgranulins A and B (20, 21). 2 

We have previously reported a preliminary characterization 
of two abundant CaBPs from pig granulocytes (22). N-terminal 
sequencing suggested that both proteins belong to the S100 
protein family. We identified one of these CaBPs as the porcine 
counterpart of calgranulin A (22) and proved that, as described 
for the human and bovine systems (23, 24), it is noncovalently 
associated with pig calgranulin B (25). Here we focus on the 
characterization of the other CaBP and demonstrate that it is 
a new member of the SI 00 protein family. Its primary structure 
as well as some binding properties are described. This protein 
will be referred to as calgranulin C, consistent with the names 
adopted for other S100 proteins isolated from granulocytes 
(21, 26). 

EXPERIMENTAL PROCEDURES 

Materials— 45 CaCl 2 (5 Ci/g) was from Du Pont NEN. Electrophoresis 
reagents were purchased from Bio-Rad. Dimethyl suberimidate was 
from Pierce. Sequencing-grade reagents and solvents were obtained 
from Applied Biosystems. Sequelon-AA™ membranes were from MiUi- 
pore Corp. PhastGel 4-6.5, molecular mass markers, and pi markers 
were from Pharmacia LKB (Uppsala, Sweden). Percoll, Sephadex G-75, 
horse heart myoglobin, bovine serum albumin, trypsin, and V8 protease 
were purchased from Sigma. All other solvents and reagents were of 
analytical grade. 

Preparation of Lymphocyte and Granulocyte Extracts— Pig lympho- 
cytes and granulocytes were isolated from fresh blood by dextran 



tease, Glu-C-Bpecific endoprotease from Staphylococcus aureus strain 
V8; Bicine, iV^-bis(2-hydroxyethyI)glycine; Tricine, AT-tris(hydroxy- 
methyDmethylglycine. 

2 SynonymB of calgranulins A and B are MRP8 and MRP 14, LI light 
and heavy chain, p8 and pl4, and p7A and p24, respectively. 
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sedimentation followed by Percoll gradient centrifugation (22) and were 
more than 95% pure. Cells were suspended in homogenization bufFer 
(10 mM phosphate, 150 mM KG!, 1 nm EDTA, 1 mw dithiothreitol, 1 mw 
phenylmethylsulfonyl fluoride, pH 7.0) t and disrupted in a glass-Teflon 
homogenizes The homogenate was centrifuged at 30,000 xgfor 15 min 
at 4 °G. The resulting supernatant was centrifuged at 105,000 xg for 90 
min at 4 °C. 

Purification of Calgranulin C — Supernatants from cell extracts (3-4 
ml) were fractionated at 4 °C on a Sephadex G-75 column (2.5 x 38 cm) 
equilibrated with the homogenization buffer. Elution was performed at 
a flow rate of 15 ml/h. Eluted fractions corresponding to a molecular 
mass of 10-15 kDa (elution volume: 125-140 ml) were pooled, diluted 
3-fold with 20 m>i Tris-HCl. (pH 9.0},. and loaded onto a Mono Q HR 5/5 
column (Pharmacia LKB) previously equilibrated with the same buffer. 
The column was developed on an FPLC system (Pharmacia LKB) with 
a combination of two linear gradients of NaCI concentration (0-0.14 m in 
20 min followed by 0.14-0.35 m in 15 min). The flow rate was 1 ml/min. 
Calgranulin C eluted at approximately 0.15 m NaCI. 

Protein. Assay — Protein concentration in crude cell extracts was es- 
timated by Jewry's method (27) with bovine serum albumin as a stand- 
ard. The concentration of pure calgranulin C was determined by UV 
absorbance in 6 m guantdine-HCi (28). As the protein has 2 tyrosine 
residues and no tryptophan (see "Results"), an € jaSoa - 2900 at* cm" 1 
was used (29). 

Electrophoresis— SOS-PAGE was performed as described by Schag- 
ger and von Jagow (30) in a Mini-PROTEAN II apparatus (Bio-RadX 
Isoelectric focusing was carried out in a Phast System (Pharmacia 
LKB). Densitometry analysis of Coomassie-stained gels was performed 
in a Dual- Wavelength Chromato Scanner (Shimadzu, Kyoto, Japan). 

Cross-linking Experiments — Protein samples in 0.2 m Bicine (pH 8.5) 
were treated with 1 mM dimethyl suberimidate at 20-C during 1 h. 
Subsequently, the reaction was quenched by the addition of glycine to a 
final concentration of 10 mM, and reaction products were analyzed by 
SDS-PAGE. 

Chromatographic Analysis— Qn\ filtration analysis of pure calgranu- 
lin G (10 ug) was performed by FPLC on a Superose 12 HR 10/30 column 
(Pharmacia LKB) calibrated with standard proteins. The column was 
eluted with 50 mM Tris-HCl (pH 7.4) at a flow rate of 0.5 ml/min. 

Hydrophobic interaction chromatography was carried out on a phen- 
yl-Superose HR 5/5 column (Pharmacia LKB) equilibrated with 50 mM 
Tris-HCl (pH 7.4), 0.5 mat CaCl 2 . After the injection of 30 ug of pure 
protein, the column was eluted with four column volumes of the same 
buffer and then with four column volumes of 50 m.\i Tris-HCl, 1 m.M 
EDTA CpH 7.4); 

Mass Spectrometry~- r ?hv molecular mass of calgranulin C was deter- 
mined on a VG Biolecli/Fisons (Altrmcham, United Kingdom) triple- 
quadrupole instrument equipped with an electrospray ionization source 
(Ahalytica). The sample was injected into the ion source in 50% (v/v) 
methanol and 1% (v/v) acetic acid. Fifteen scans ranging from rnlz 800 
to 1600 were recorded in each determination. The.instrument was cali- 
brated with horse heart myoglobin (average mass 16,951.5 Da). 

Enzymatic Digestion and Peptide Purification — The purified protein 
(400 ug) was digested in 0.1 m ammonium bicarbonate (pH 7.8) with 4 
ug of trypsin or 6 ug of V8 protease, at 37 °C during 24 h. Peptides were 
fractionated by HPLC (Pharmacia LKB) on a Yydac C 18 column (4.6 x 
250 mm) equilibrated with 0.1% (v/v) trifluoroacetic acid in water. 
Elution was performed at a flow rate of 0.8 ml/min with a 0-80% 
acetonitrile linear gradient in 100 min. 

Amino Acid Analysis and Sequencing — Amino acid analysis was per- 
formed on a model 420A amino acid analyzer (Applied Biosystems). 
Amino acid sequencing was carried out on an Applied Biosystems model 
47 7A protein sequencer equipped with an on-line model 120A phenyl- 
thiohydantoin analyzer. The intact protein, as well as most of the pep- 
tides, was loaded onto a Poiybrene-coated glass filter and sequenced 
according to the manufacturer's instructions. Peptides V7-V10 were 
covalently bound to a Sequelon-AA™ membrane. In this case, se- 
quences were run basically as described by Admon and King (31). 

Sequence Comparison — Multiple sequence alignment and phyloge- 
netic tree construction were carried out by using the Darwin system 
(32). 

Calcium Binding Assay— Apo-calgranulin C was prepared by incu- 
bation of freshly purified protein with 2 mM EGTA and 2 mM EDTA and 
subsequent dialysis against 25 mM Tris-HCl (pH 7.4), or by extensive 
dialysis against 10 m&i EDTA (pH 7.4) and then against Milli Q water 
(Milltpore Corp.) (33). 

^Ca 5 * binding was determined as per the method of Mani and Kay 
(11) that uses microconcentrators as ultrafiltration devices to perform 
rapid flow dialysis. In short, apo-calgranulin C (15-50 pw) was 
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Fig. 1. A, SDS-PAGE analysis of calgranulin C-containing samples at 
different stages of purification. The purification procedure is described 
under "Experimental Procedures.* Lane i, 105,000 x g supernatant 
from pig granulocytes; lane 2 t after Sephadex G-75 gel filtration; lane 3 t 
after Mono Q chromatography; lane 4, molecular mass standards. B, 
isoelectric focusing of purified calgranulin C on a PhastGe! IEF 4~6;5. 
Lane 1, calgranulin C; lane 2. pi standards. 

incubated in a prewashed Centricon 3 microconcentrator ( Amicon) with 
known amounts of * 5 CaCl 2 at 20 *C during 5 min and then the sample 
was centrifuged at 3000 rpm for 5 min. Free 4f, Ca^ concentration was 
determined by measuring the radioactivity in the filtrate. Each deter- 
mination was performed at least in triplicate. 

Binding data were analyzed by means of the following equations, 
where, v is the number of moles of calcium bound per mol of monomer, 
X is free calcium concentration, n is the number of binding sites per 
monomer^ and K 9i , and K az are macroscopic binding constants. 
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(Eq. 2) 



Curve-fitting was made by nonl mear regression (SigmaPlqt 4 . 10, Jan- 
del Corp.). The calculated parameters are expressed as mean ± S. E. 

Fluorescence Measurements — Tyrosine fluorescence was registered 
at 25 °C on a Jasco FP-770 spectrofluorometer (Japan Spectroscopic 
Co.. Hachioji City, Japan). The excitation wavelength was set to 278 ± 
5 nm. Each spectrum represents an average of five scans. For titration 
experiments, the emission wavelength was set to 308 ± 3 nm. The 
fluorescence intensity (F) was corrected for sample dilution, the latter 
never exceeding Z%. Data from titration with calcium in the absence of 
zinc were fitted to Equation 3, where F 0 is the fluorescence at. zero 
ligand concentration, F m is the maximum fluorescence change, 7* is the 
total ligand concentration, P is the protein monomer concentration, and 
K Q is the apparent association constant. 
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This equation is derived from Eq, 1 by setting n to 1 and substituting 
l(F - F^/V'J for v and [T - P>F m -UF - F 9 )\ for X. 

Circular Dichroism — Far-UV circular dicbroism spectra were ob- 
tained on a Jasco J-20 spectropolarimeter calibrated with (+)-10-cam- 
phorsulfonic acid; Each spectrum represents an average of four scans. 
The a- helix content was calculated as described by Zhong and Johnson 
(34). 

RESULTS 

Purification of Calgranulin C — The 105,000 x g supernatant 
from pig granulocytes was fractionated on a Sephadex G-75 
column. Calgranulin C was recovered as a major component in 
the 10-15-kDa fraction (Fig, lA, lane 2) and was further puri- 
fied by anion exchange on a Mono Q column. The protein eluted 
from the column in a symmetric peak and was considered ho- 
mogeneous per SDS-PAGE (Fig. lA f lane 3) and N-terminal 
sequence. Calgranulin C could also be purified from lympho- 
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Fig. 2. Dimer formation of calgranulin C *n t*t fro. The purified 
protein was analyzed by 16% SDS-PAGE without cross-linking (lane. I) 
and after cross-linking with 1 miu dimethyl suberimidate in the 
presence of 1 m.\i EDTA (lane 2), 1 m.M CaCl 2 (/<me 3 ), and 0.1 m\! 2nCl 2 
(lane 4 ). 

cyte extracts by the same procedure, and its electrophoretic 
mobility, UV absorption spectrum, and N-terminal sequence (6 
cycles) were indistinguishable from those of the protein iso- 
lated from granulocytes (data not shown). However, the 
amounts of calgranulin C obtained from the granulocyte and 
lymphocyte extracts were 8% and 0.14%, respectively of the 
total soluble proteins. Thus, the content of calgranulin C was 
50-60 times higher in granulocyte than in lymphocyte extracts. 

Biochemical Properties of Calgranulin C — The protein mi- 
grates on Tricine SDS-PAGE as a 9-kDa polypeptide (Fig. LA, 
lane 3). As some calcium-binding proteins have aberrant mo- 
bilities on SDS-PAGE gels (18, 24, 35), a more precise determi- 
nation of the molecular mass of calgranulin C was made by 
ESMS. The mass spectrum showed the presence of two compo- 
nents of 10,614 ± 3 and 10,654 ± 3 Da (mean ± S.D.), the second 
accounting for about 20% of the molecules. This difference in 
mass (40 Da) could correspond to a calcium atom bound to the 
molecule, although alternative explanations such as partial 
N-terminal acetylation (42 Da) should not be ruled put. 

Analysis of the purified protein by Superose 12 gel filtration 
showed two peaks of an apparent molecular mass of 11 and 18 
kDa, thus suggesting that the native protein exists both as a 
monomer and as a homodimen This conclusion was further 
supported by cross-linking experiments. Upon treatment with 
dimethyl suberimidate and subsequent SDS-PAGE analysis, a 
new protein band of 20 kDa was observed in addition to that of 
the remaining monomer (Fig. 2, lane 2). The presence of either 
1 rriM CaCl 2 or 0.1 mM ZriCl 2 during the cross-linking reaction 
did not modify the dimer/monomer ratio (Fig. 2). 

Two calgranulin C forms of pi 5,8 and 5.5 were observed by 
native isoelectric focusing (Fig. IB). As inferred from densito- 
metric scanning, the relative contents of pi 5.8 and 5.5 isoforms 
are about 75% and-25%, respectively. This proportion remained 
unchanged in samples incubated with either 2 mM CaCl^ or 2 
m.\i EDTA before isoelectric focusing. In addition, both forms 
were observed by denaturing isoelectric focusing (data not 
shown). Therefore, the charge heterogeneity of calgranulin C is 
not a consequence of ligand binding. 

Primary Structure of Calgranulin C — The purified protein 
was desalted by RP-HPLC and submitted to N-terminal se- 
quencing. The sequence of the first 40 residues was obtained, 
except for amino acids at positions 33 and 38, which could not 
be unambiguously identified. In order to complete the amino 
acid sequencing of calgranulin C, fragments were generated by 
enzymatic cleavage of the purified protein. Both tryptic and V8 
protease peptides were separated by RP-HPLC and subse- 
quently submitted to amino acid analysis and/or Edman 
degradation. 
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Ftq. 3. HPLC separation of peptides obtained by tryptic (A) 
and V8 protease (B) digestion of calgranulin C, Details of the 
procedure are described under "Experimental Procedures." Peaks T 1- 
Tll and Vl-Vll represent peptides whose sequence was determined by 
Edman degradation or inferred from amino acid analysis. Solvent A: 
0.1% trifluoroacetic acid; solvent B: SQ% acetonitrile, 0.1% trifluoroace- 
tic acid. No peaks were detected beyond $0% of solvent B. 

The tryptic map of calgranulin C is shown in Fig: 3A. The 
peaks identified in the figure (designated Tl-Tll) represent 
pure peptides. Except for T6, T8, and T10, their amino acid 
sequences were determined by Edman degradation. On the 
basis of their amino acid composition, peptides T6 and T10 
were assigned to fragments 21-29 and 1-20, respectively. The 
sequence of peptide T8 was partially obtained by Edman deg- 
radation, the rest being inferred from amino acid analysis. 
Considering the specificity of trypsin, it should be mentioned 
that the C-terminal residues of T9 and Til were Tyr and Glu, 
respectively, instead of Arg or Lys as expected; the sequence of 
T9 was identical to that of residues 1-17 and was assumed to 
originate from a residual chymotryptic activity, while peptide 
Til was assigned to the C-terminal end of the protein. 

Fig. 3B shows the HPLC separation of fragments obtained. by 
digestion with V8 protease. Again, the peaks identified in the 
figure represent pure peptides. Except for V6, V9, and Vll, 
they were completely sequenced by Edman degradation. 

A summary of the sequence analyses and the resulting pri- 
mary structure of calgranulin C are shown in Fig. 4. The fol- 
lowing peptides, all corroborating the proposed sequence, were 
not included in the figure (residue positions given in parenthe- 
ses): T6 (21-29), T10 (1-20), VI (5-8), V2 (1-4), and V9 (5-31). 
The protein consists of 91 residues and lacks cysteine, methi- 
onine, and tryptophan. On the basis of this sequence, the 
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Fio. 4. Primary structure of calgranulin C. The nomenclature of peptides is consistent with that of Fig. 3 (A and B). X represents a residue 
which could not be identified on this particular run. Segments determined by Edman degradation or inferred from amino acid analysis are indicated 
with solid and dotted lines, respectively. 



molecular mass was calculated to be 10,614 daltons. This value 
is virtually identical to that obtained by ESMS, thus indicating 
that the protein has been fully sequenced. The calculated iso- 
electric point (6.0) agrees with that obtained experimentally for 
the major calgranulin C isoform (5.8). The amino acid sequence 
predicts two EF-hand calcium-binding sites (36). The N-termi- 
nal site has a 14-residue loop (Ser 18 -Glu 31 ) that is unique for 
SlOO proteins, while the loop of the C-terminal EF-hand 
comprises 12 residues (Asp 61 -Glu 72 ). The hydropathy plot (37) 
of calgranulin C predicts two hydrophobic regions near the N- 
and C-terminal ends (data not shown), a feature shared by the 
SlOO proteins (4). 

Direct Calcium Binding Studies — The Ca 2 *-binding isotherm 
at 20 °C of calgranulin C in 25 mM TVis-HCl (pH 7.4) is shown 
in Fig. 5 (closed circles). Only one Ca^-binding site per mono- 
mer was titrated with free calcium concentrations of up to 0.6 
dim. The best fit of the binding data with Equation 1 was ob- 
tained with K a = 1.9 ± 0.4 x 10* NT 1 and n = 1.10 ± 0.06. Due to 
the experimental limitations of the method at higher ligand 
concentrations, the existence of an additional low affinity site 
(K a < 10 3 m" 1 ) could be neither proven nor ruled out. 

As shown in Fig. 5, the presence of zinc ions induces a re- 
markable increase in the calgranulin C affinity for calcium. The 
binding isotherm obtained in the presence of 0.1 dim ZnCl 2 
(open circles) was fitted to Equation 2 with the following pa- 
rameters: K Qi = 2.7 ± 0.3 x 10 7 M" 1 , K a% = 6.5 ± 1.2 x 10* m"\ and 
n = 2.10 ± 0.04. 

tyrosine Fluorescence Titration — The intrinsic emission 
spectrum of apo-calgranulin C and those of the protein with 
Ca 2+ , Mg 3 *, and Zn 2 * are shown in Fig. 6A. While tyrosine flu- 
orescence was minimally influenced by 5 itiM Mg 2 *, a 7% de- 
crease and a 40% increase were observed upon addition of 2 mM 
Ca 2 * and 0.1 rrtM Zn 2 *, respectively. Titration with Ca 2 * in the 
absence of other metal ions showed the presence of a single 
class of site with K a{tiw) = 2.9 ± 0.4 x 10 4 m" 1 (Fig. 6B, closed 
circles) 1 in agreement with direct binding experiments. The 
presence of 5 mM Mg 2 * (open circles) caused a very slight de- 
crease in the affinity for Ca 2 * (K o(nfV) = 2.3 ± 0.3 x 10 4 m* 1 ), thus 
suggesting that the titrated site is highly selective for calcium. 

A biphasic curve was obtained when calgranulin C was ti- 
trated with Ca 2 * in the presence of 0.1 him Zn 2 * (Fig. 6C, closed 
diamonds). The curve was not noticeably influenced by 5 mM 
Mg 2 * (open diamonds). Analysis of the Ca a *-induced fluores- 
cence change as a function of the fractional Ca 2 * occupancy 
(vCa 2 *), calculated with the previously determined binding con- 
stants, indicates that both the increase and decrease in tyro- 
sine fluorescence are concomitant with the binding of calcium 
to the high and low affinity sites, respectively. 
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Fig. 5. Ca 2 *-binding isotherms of calgranulin C in the absence 
(closed circles) and in the presence (open circles) of 0.1 mM Zn*\ 

Details of the procedure are described under "Experimental Proce- 
dures." The curves depicted by solid and dashed lines were calculated 
by fitting Equations 1 and 2 to the experimental points, respectively. 
Values for the parameters are indicated in the text. 

Fluorescence titration was also applied to study the binding 
of zinc to calgranulin C. As shown in Fig. GD, fluorescence 
intensity increased almost linearly with added Zn 2 * up to a 
ligand/protein monomer molar ratio of 1.0 ±0.1, thus suggest- 
ing the presence of one high affinity Zn 2 *-binding site per cal- 
granulin C monomer. An almost identical titration curve was 
obtained in the presence of 0.1 mM Ca 2 * (data not shown). 
Although the binding constant for Zn 2 * could not be accurately 
calculated from these titration curves, simulations of the ex- 
perimental data by means of Equation 3 (not shown) indicate 
that K a(app) should exceed 10 8 m" 1 . 

Calcium-induced Conformational Changes — Topical far-UV 
CD spectra of the apo- and Ca 2 Moaded forms of calgranulin C 
are shown in Fig. 7. The calcium-induced change in the CD 
spectrum may be attributed to a decrease in the overall a-helix 
content. Analysis of CD data according to Zhong and Johnson 
(34) indicated apparent a-helix contents of 52% and 44% for the 
apo- and Ca 2 Moaded forms, respectively. 

Calcium binding also affected the chromatographic behavior 
of calgranulin C on a phenyl-Superose column. The protein was 
entirely bound to the column in the presence of 0.5 mM CaCl 2 
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Fio. 6. A, fluorescence spectra of calgranulin C (10 um) in 25 dim Tris-HCl (pH 7.4) with either 2 mM EDTA (solid line), 5 mM MgCl a (dotted line), 
2 mM CaCl 2 (long-dashed line), or 0.1 mM ZnCLj (short-dashed line). B-D t tyrosine fluorescence titration experiments. Protein concentration was 
2.2 um. In each experiment, values of fluorescence intensity at 308 nm (F) were normalized to those corresponding to zero ligand concentration (FJ. 
B y titration of apo-calgranulin C with Ca s * in the absence (closed circles) or in the presence (open circles) of 5 mM MgCl^. The curves were calculated 
by fitting Equation 3 to the experimental points. C, titration of Zn 2 *-bound calgranulin C with Ca 2 * in the absence (closed diamonds) or in the 
presence (open diamonds) of 5 mM MgCl 2 . The top of the panel indicates the corresponding amount of Ca 2 * bound per mol of calgranulin C monomer 
(vCa 2 *) as calculated from the binding data of Fig. 5. D, titration of apo-calgranulin C with Zn 2 \ 



and could be eluted from the column with 1 mM EDTA (data not 
shown). 

DISCUSSION 

In this paper we report the characterization of calgranulin C, 
a new member of the S100 protein family. Members of this 
family are acidic CaBPs about 100 residues in length. They 
contain two EF-hand motifs per monomer, the first having an 
unusual 14-residue calcium-binding loop that is distinctive of 
this family (2, 38). Most S100 proteins are expressed in a tis- 
sue-specific and cell cycle-specific fashion, this leading to the 
proposal that they are involved in cell differentiation and cell 
cycle progression (4, 39-41). Moreover, some S100 proteins 



such as CACY and CAPL are associated with tumor develop- 
ment and the induction of metastasis (42, 43). Other functions 
postulated for S100 proteins include the regulation of cytosolic 
Ca 2 * concentration, inhibition of specific phosphorylation 
events, and modulation of cytoskeletal-membrane interactions 
(4, 44, 45). 

Calgranulin C was purified from pig granulocytes by a simple 
procedure involving gel filtration and anion exchange chromatog- 
raphy. As judged from the amount of pure protein obtained by this 
method, calgranulin C comprises at least 8% of pig granulocyte 
cytosolic proteins. This percentage could be even higher since 
losses inherent in the chromatographic steps were not taken into 
account. The protein was also purified from lymphocyte extracts, 
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although the amount of pure calgranulin C obtained per mg of 
total protein was 50-60 times smaller than that obtained from 
granulocytes. In fact, this low content of calgranulin C in the 
lymphocyte extracts can be explained by the presence of contami- 
nating granulocytes (usually 1-3%) in the lymphocyte prepara- 
tions used. Therefore, there is a possibility that pig lymphocytes 
may not express calgranulin C at all. 

Fig. 8A shows the multiple sequence alignment of the S100 
protein family. The amino acid identity between calgranulin C 
and the other S100 proteins ranges from 27% (S100E) to 45% 
(calgranulin B). The least conserved segments are the C-termi- 
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Fig. 7. Far-UV circular dichroism of calgranulin C. Spectra were 
obtained in 50 mM Tris-HCl (pH 7.4) in the presence of either 2 niM 
EDTA {solid line) or 2 mM CaCl 2 {dashed line). Protein concentration 
was 50 um. 



nal region and the "hinge" region that connects the two EF- 
hands (Fig. SA), These regions are thought to provide specific- 
ity to the function of each S100 protein (4). The phylogenetic 
tree of the S100 family is shown in Fig, SB. Calgranulin C 
appears to be most closely related to calgranulin B, a protein 
that is also expressed in granulocytes. However, calgranulin B 
forms tightly associated heterocomplexes with calgranulin A 
(23-25) whereas no such heterocomplex formation is observed 
for calgranulin C. Furthermore, the unusually long C-terminal 
"tail* characteristic of calgranulin B is absent in calgranulin C 
(Fig. SA). It is worth mentioning that this "tail" is phosphoryl- 
ated upon neutrophil activation (24, 46) and that such a phos- 
phorylation event is thought to be important for the function of 
calgranulin B (41). These structural differences between cal- 
granulins B and C suggest that these proteins may have sepa- 
rate functions in granulocytes. 

Although purified calgranulin C appeared homogeneous by 
SDS-PAGE and N-terminal sequencing* its ESMS spectrum 
showed the presence of two components. The molecular mass of 
the major component (10,614 Da) fits the value calculated from 
the primary structure, while the minor one is approximately 40 
Da heavier. As many EF-hand CaBPs retain their ligand during 
purification (47), it is likely that this difference in mass is due to 
a single Ca 2 * bound to the protein. Isoelectric focusing analysis of 
calgranulin C also shows the presence of two components, al- 
though in this case analyses performed in the presence of Ca 2 \ 
EDTA and denaturing agents strongly suggest that the charge 
heterogeneity is not a consequence of ligand binding. Further 
experiments will be required to elucidate this point. 

Most S100 proteins are known to exist as dimers, and both 
disulfide-bound (35, 48) and noncovalently associated forms (9, 
23) have already been described. Cross-linking experiments 
and gel filtration analysis of purified calgranulin C demon- 
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Fig. 8. Sequence analysis of the S100 protein family. Amino acid sequences were compared by using the Darwin system (32). The following 
sequences were obtained from the SWISS-PROT protein data bank (accession codes given in parentheses): h-CAGB, human calgranulin B (P06702); 
h-CAGA, human calgranulin A (P05109); p-CaBP9K, pig calbindin-D9K (P02632); b-SlOOfr bovine S100 protein 0-chain (P02638); h-CAPL, human 
placental calcium-binding protein (P26447); b-SlOOl, bovine S100L (P10462); h-CACY, human calcyclin (P06703); b-SlOOa, bovine S100 protein 
a-chain (P02639); h-SlO0P, human S100P (P25815); p-Ca[l], pig calpactin I light chain (P04163). The other sequences are: p-CAGC, pig calgranulin 
C (this work); h-SWOD, human S100D (38); h-SlOOE, human S100E (38); p-SlOOC, pig SiOOC (64). A, multiple sequence alignment The 
calcium-binding loops of the two EF-hand motifs and the segment connecting both motifs are indicated with solid and dashed lines, respectively. 
Residues common to at least 10 sequences are shown in bold characters. B, phylogenetic tree. The branch lengths are in PAMs (accepted point 
mutations per 100 residues). 
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strate the presence of a homodimeric form apart from the mon- 
omer. The fact that the amino acid sequence of calgranulin C 
contains no cysteine residues indicates that the homodimer is 
noncovalently associated. Whether the dimeric or monomelic 
forms occur in vivo remains to be established. 

The binding properties of calgranulin C were studied by 
means of a direct 45 Ca 2 *-binding assay and by tyrosine fluores- 
cence titration. Our results indicate that both Ca 2 * and Zn 2+ are 
bound to calgranulin C and that the binding of Zn 2 * induces a 
profound change in the Ca 2 *-binding properties of the protein. 
In the absence of zinc, the protein appears to bind 1 Ca 2 7 
monomer with a K a of approximately 2 x 10 4 m" 1 . In contrast, 
Zn 2+ -loaded calgranulin C binds 2 Ca 2 Vmonomer with stoichi- 
ometric binding constants in the order of 10 7 and 10 4 m -1 , re- 
spectively. The binding of 2 Ca 2 7calgranuiin C monomer is 
consistent with the presence of two EF-hand motifs in the 
amino acid sequence. Both EF-hands seem to be specific for 
Ca 2 * as the fluorescence titration curves were minimally af- 
fected by 5 mM Mg 2 *. As also inferred from tyrosine fluorescence 
titration, calgranulin C has an additional binding site with 
high affinity for Zn 2 *. It is worth noting that the C-terminal 
region of calgranulin C contains a His-XX-X-His motif com- 
prising residues 85-89 (Fig. 4). This motif within an a-helix has 
two correctly positioned imidazoles that can chelate a zinc ion 
(49). As the secondary structure prediction by means of the 
PHD algorithm (50) suggests that residues 85-89 are within an 
a-helix (not shown), we propose that the aide chains of both 
His 85 and His 89 may participate in the binding of the zinc ion. 

The ability of an S100 protein to bind Zn 2 * with high affinity 
and the zinc-induced increase in calcium-binding affinity have 
been previously described only for SlOO/30 (33). As proposed for 
this protein, calgranulin C should be considered both as a calci- 
um- and zinc-binding protein. Whether Ca 2+ binding to calgranu- 
lin C is regulated in vivo by Zn 2+ remains to be determined. 

The function of calgranulin C in granulocytes is unknown. In 
addition to its possible role as a Ca 2+ buffer due to its high 
concentration, it may be involved in specific calcium-dependent 
signal transduction pathways. According to the currently ac- 
cepted mechanism of action of EF-hand CaBPs in Ca 2+ signal 
transduction (4, 5), calgranulin C should undergo Ca 2+ -depend- 
ent conformational changes responsible for the transmission of 
information to effector proteins. Such conformational changes 
were reported for some members of the S100 protein family, 
namely SlOOa0, S100J3]3, and S100P (9, 12, 47). In contrast, 
calbindin-D9K, which has been suggested to act merely as a 
Ca 2+ buffer (51), undergoes only very subtle conformational 
changes upon calcium binding (52). These considerations 
prompted us to investigate whether the conformation of cal- 
granulin C is affected by calcium. Our results indicate a Ca 2+ - 
induced change in the environment of at least 1 of the 2 tyro- 
sine residues of the molecule. Moreover, binding of Ca 2+ to the 
protein causes a significant decrease in the apparent a-helix 
content, which is certainly in line with previous observations 
on other S100 proteins (9, 11, 47). Finally, the fact that Ca 2+ - 
loaded calgranulin C is retained on a phenyl-Superose column 
and can be eluted with EDTA suggests that the protein exposes 
a hydrophobic region in the presence of calcium. Taken to- 
gether, these results demonstrate that calgranulin C undergoes 
a gross conformational change upon calcium binding and sup- 
port the possibility that this novel protein is involved in Ca 2+ - 
dependent signal transduction events. 

Intracellular calcium levels modulate many phagocyte func- 
tions including chemotaxis, phagocytosis, degranulation, and 
the generation of reactive oxygen species (13-16). In addition to 
calgranulin C, various putative mediators of the calcium signal 
in granulocytes have been identified, namely calmodulin (19), a 
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33-kDa annexin protein (17), grancalcin (18), and the calgranu- 
lin A/B heterocomplex (53). The notion that each protein may 
transmit the calcium signal to a different cellular effector de- 
serves future investigation. Ongoing studies are aimed at iden- 
tifying the cellular target of calgranulin C. 
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amyloid polypeptide (IAPP) comprising (a) purified preparations of 
antibodies which react specifically with insulin or calcitonin 
gene-related peptides and (b) a preselected amount of human islet 
amyloid polypeptide which is essentially free of islet amyloid, which 
polypeptide is one subunit of islet amyloid and which is prepared by 
depolymerizing human islet amyloid; or a preselected amount of human 
islet amyloid polypeptide which is essentially free of islet amyloid and 
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peptides (CGRPs) . Anti-IAPP antibodies may 

be produced in a manner as is common practice for antibodies, by means 
of immunizing a suitable animal. . . etc.) with an IAPP-immunogen, 
followed by working up the resultant antibodies to obtain a desired 
purity and form thereof (derivatives, fragments etc.). The 
production of the anti-IAPP antibodies may be accomplished by known 
monoclonal techniques. The anti-IAPP antibodies of the antibody. 
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